Recent evidence has strongly suggested the involvement of Rho family small guanosine triphosphatases (GTPases) ) reverted not only the formation of stress ®bers and focal adhesions but also cell-cell adhesions in Ras-transformed Rat1 cells. In addition, the coexpression of constitutively activated Rho-kinase, a downstream eector of Rho, restored the assembly of stress ®bers and focal adhesions. Treatment of Rat1 cells with lysophosphatidic acid, which is known to activate the Rho-Rho-kinase pathway, enhanced the stress ®ber formation, whereas it failed to induce the stress ®ber formation in the cells expressing Ras V12 . These results suggest that the Rho-Rho-kinase pathway may be inactivated in the cells expressing Ras
Recent evidence has strongly suggested the involvement of Rho family small guanosine triphosphatases (GTPases) in Ras-induced transformation. To further clarify the role of Rho family GTPases in Ras-induced transformation, we examined the eects of dominant active or dominant negative forms of Rho family GTPases on the morphological changes induced by oncogenic Ras (Ras V12 ) in Rat1 ®broblasts. The cells expressing Ras V12 showed the severe disruption of actin stress ®bers and cell adhesions. The coexpression of dominant active form of Rho (Rho V14 ) reverted not only the formation of stress ®bers and focal adhesions but also cell-cell adhesions in Ras-transformed Rat1 cells. In addition, the coexpression of constitutively activated Rho-kinase, a downstream eector of Rho, restored the assembly of stress ®bers and focal adhesions. Treatment of Rat1 cells with lysophosphatidic acid, which is known to activate the Rho-Rho-kinase pathway, enhanced the stress ®ber formation, whereas it failed to induce the stress ®ber formation in the cells expressing Ras V12 . These results suggest that the Rho-Rho-kinase pathway may be inactivated in the cells expressing Ras Introduction Ras (H-Ras, K-Ras, N-Ras) is a signal-transducing small guanosine triphosphatase (GTPase) that plays central roles in the control of cell growth and dierentiation (Satoh et al., 1992; Boguski and McCormick, 1993; McCormick, 1994) . Mutations in H-Ras, K-Ras and N-Ras have all been found in human tumors, and the frequency of Ras mutations is among the highest for any gene in human cancers (Hunter, 1997) . In a genetic model of colorectal tumorigenesis, Ras mutations are thought to occur in a preexisting small adenoma and through clonal expansion produce a larger and more dysplastic tumor, whereas p53 mutations are usually found in invasive tumors (Fearon and Vogelstein, 1990) .
Ras is inactive in its guanosine diphosphate (GDP)-bound form and active in its guanosine triphosphate (GTP)-bound form. Activated Ras transmits its signal by complexing with diverse downstream eectors including Raf1 (Blenis, 1993) , phosphatidylinositol-3-OH kinase (Rodriguez-Viciana et al., 1994) , Ral guanine nucleotide dissociation stimulator (GDS) (Kikuchi et al., 1994; Spaargaren and Bischo, 1994) , Rin1 (Han and Colicelli, 1995) , and AF-6 (Kuriyama et al., 1996; Yamamoto et al., 1997) . Other studies have indicated that Ras can transform cells not only through the well-characterized Raf1/MEK/MAP kinase pathway but also via other putative targets and pathways (White et al., 1995; Khosravi-Far et al., 1996) .
The critical involvement of the Rho family GTPases in Ras-induced transformation is supported by a number of experimental observations (Qiu et al., 1995a (Qiu et al., ,b, 1997 Prendergast et al., 1995; Khosravi-Far et al., 1995 Rodriguez-Viciana et al., 1997; Zhong et al., 1997) . The Rho family regulates multiple signaling pathways that aect cell shape and motility, transcription, and cell-cycle progression (Hall, 1994; Takai et al., 1995; Olson et al., 1995; Tapon and Hall, 1997) . In the control of the actin-based cytoskeleton of ®broblasts, each member of the Rho family is implicated in the formation of a distinct structure: Cdc42 induces ®lopodia (Nobes and Hall, 1995; Kozma et al., 1995) , Rac regulates the formation of lamellipodia and membrane ruing , and Rho is involved in the assembly of stress ®bers and focal adhesions . In epithelial cells, the Rho family is reported to regulate tight junctions (Nusrat et al., 1995) and cadherindependent cell-cell adhesions (Braga et al., 1997; Takaishi et al., 1997; Kuroda et al., 1997) .
Transformed cells show altered patterns of expression of cytoskeletal proteins, and commonly have disorganized actin cytoskeletons, which may be associated with the ability of transformed cells to grow in an anchorage-independent fashion (Hunter, 1997) . The microinjection of H-Ras into quiescent ®broblasts has been reported to induce membrane ruing (Bar-Sagi and Feramisco, 1986) . Ras-transformed ®broblasts typically show decreased numbers of actin stress ®bers, and possess sparse, less prominent focal adhesions which are localized only at the margins of cells, whereas Vav-and Dbl-transformed cells show well-developed stress ®bers and focal adhesions (Khosravi-Far et al., 1994) . Ras-transformed MCF10A breast epithelial cells display a ®broblastic morphology with decreased cell-cell adhesions but increased focal adhesions and stress ®bers, some characteristics of which are thought to be due to activated Rho Zhong et al., 1997) .
To further clarify the role of the Rho family GTPases in cytoskeletal changes of Ras-induced transformation, we investigated the eects of dominant active or negative forms of Cdc42, Rac, and Rho on the morphological changes induced by Ras V12 in Rat1 ®broblasts. In addition, focusing on Rho function, we also examined the role of Rhokinase (Matsui et al., 1996) (also named as ROKa (Leung et al., 1995) or p160 ROCK (Ishizaki et al., 1996) ), a downstream target of Rho, which controls contractility via the regulation of the level of myosin light chain phosphorylation (Kimura et al., 1996; Amano et al., 1996b; Chihara et al., 1997) , and induces the formation of stress ®bers and focal adhesions (Leung et al., 1996; Amano et al., 1997; Ishizaki et al., 1997) . In this study, we showed that the coexpression of dominant active form of Rho (Rho V14 ) reverted not only the formation of stress ®bers and focal adhesions but also cell-cell adhesions in Ras-transformed cells. In addition, it was demonstrated that the coexpression of constitutively activated Rho-kinase restored the assembly of stress ®bers and focal adhesions.
Results

Induced Ras V12 expression causes marked morphological changes in Rat1 cells
To investigate the morphological changes in Rasinduced transformation, we used a Rat1 ®broblast cell line harboring the activated Ras (Ras , as previously described (Yamamoto et al., 1997) and shown in Figure 7 . The cells were treated with or without IPTG for 24 h in serum-free medium, and then ®xed for the immuno¯uorescence study. Fixed cells were stained with¯uorescent phalloidin to show actin stress ®bers, with an anti-vinculin antibody to reveal focal adhesions, and with an anti-pancadherin antibody or an anti-b-catenin antibody for the visualization of cell-cell adhesions (Figure 1) .
The serum-starved cells without IPTG treatment exhibited cuboidal appearance (Figure 1a) , and still had actin stress ®bers and some cortical actin structures (Figure 1c ). In contrast, the Ras V12 -induced cells showed spindle-shaped appearance with elongated cellular processes (Figure 1b) . In the Ras V12 -transformed cells, a signi®cant decrease in stress ®ber formation was observed, but some cortical bundles of actin ®laments still remained as linear lines along the margin of the cells (Figure 1d ). Vinculin staining of Ras V12 -noninduced cells was prominent at the cell periphery and was also detected more centrally (Figure 1e ), whereas that of the Ras V12 -induced cells was markedly decreased, and was observed mainly at the margins of the cells (Figure 1f ). These characteristics are quite similar to those observed in the Ras L61 -transformed NIH3T3 cells (Khosravi-Far et al., 1994) . The Ras V12 -induced cells also lost their cell-cell adhesions, and cadherin and b-catenin were not accumulated at cell-cell contact sites (Figure 1h Figure  2A , 2B c, e, and h). These results suggest that Cdc42 and Rac may be activated downstream of Ras as described in NIH3T3 and Rat1 cells (Qiu et al., 1995a (Qiu et al., , 1997 Khosravi-Far et al., 1995) . As for Rho, it is speculated that activated Rho may have some inhibitory eects on Ras signaling, or that Rho may be inactivated downstream of Ras.
The eects of Rho family GTPases on the formation of stress ®bers in Ras
V12 -induced cells
We next examined the eects of Rho family GTPases on the actin cytoskeleton ( Figure 3 ). We ®rst observed that the transient expression of dominant negative Rho in the Ras V12 -noninduced cells resulted in a marked dissolution of stress ®bers (Figure 3a and f). This result is consistent with the previous observation that the formation of stress ®bers was regulated by the activity of Rho in Swiss 3T3 cells . The Ras V12 -noninduced cells transiently expressing dominant active Cdc42 exhibited marked actin reorganization (Figure 3b and g ). In the peripheral area of these cells, not only actin microspikes and ®lopodia, but also enhanced cortical actin bundle formation were
The Rho-Rho-kinase pathway I Izawa et al recognized, while in the central area, decreased stress ®bers and increased punctate actin staining were seen, as previously described (Nobes and Hall, 1995; Kozma et al., 1995; Qiu et al., 1997) . These results suggest that Cdc42 may inactivate the Rho function characterized by stress ®ber formation in Rat1 cells as described in Swiss 3T3 cells (Kozma et al., 1995) . The transient expression of dominant active Rac in the Ras V12 -noninduced cells caused spreading and lamellipodium formation which were sometimes accompanied by stress ®ber formation as described in Swiss 3T3 cells (Figure 3d and i) . In the Ras V12 -noninduced cells, neither dominant active Cdc42 nor Rac1 was sucient to cause the marked elongation of cellular processes. In contrast, the coexpression of dominant negative Cdc42 in Ras V12 -induced cells inhibited the reduction of stress ®bers (Figure 3c and h). In the Ras V12 -induced cells, the coexpression of dominant negative form of Rac did not aect the reduction of the stress ®bers, but resulted in the (Figure 3e and j) . In light of these results, it is suggested that in Rasinduced transformation, both Cdc42 and Rac may be activated and function cooperatively. In addition, it is suggested that a disruption of stress ®bers in Ras V12 -induced cells may be caused by the activation of Cdc42.
The lysophosphatidic acid (LPA) treatment could not increase the formation of stress ®bers in Ras
In ®broblasts, Rho is believed to induce the assembly of actin stress ®bers in response to certain extracellular signals such as LPA Moolenaar, 1994) . We then investigated the eects of the LPA treatment on the stress ®ber formation in Ras 
Dominant active Rho reverses the morphological changes induced by Ras
V12
We next examined whether the coexpression of dominant active Rho could restore the disorganization of actin cytoskeleton and cell adhesions observed in the Ras V12 -induced cells ( Figure 5 ). Dominant active Rho fairly reverted the phenotypes characterized as the elongation of cellular processes, decreased stress ®ber formation (Figure 5a and e) , and a reduction of focal adhesion assembly (Figure 5b and f) . In addition, cellcell adhesions between the transfected cells were also preserved to some extent, which was shown by the immunostaining with an anti-pan-cadherin antibody (Figure 5c and g ) and an anti-b-catenin antibody (Figure 5d and h) . The coexpression of wild-type Rho did not aect the morphological changes in Ras (Figure 6a ). The extent of the reversion of cell-cell adhesions by constitutively activated Rho-kinase was, if any, less than that by dominant active Rho (data not shown). We also observed that the coexpression of wild-type Rho-kinase had no eect on the morphological changes (data not shown). Since we have observed that Rho also regulates myosin II activity through the phosphorylation of myosin light chain (MLC) by activating Rho-kinase (Kimura et al., 1996; Amano et al., 1996b; Chihara et al., 1997) , and more recently found that myosin II activation enhances stress ®ber formation in NIH3T3 cells and promotes neurite retraction in N1E-115 neuroblastoma cells downstream of Rho and Rho-kinase (Amano et al., 1998), we next examined the role of the myosin II activity in the Ras V12 -induced morphological changes. We examined the eect of the coexpression of the dominant active form of MLC (MLC D18D19 ), which was shown to be capable of maintaining stress ®bers in NIH3T3 cells and promoting neurite retraction in N1E-115 cells, and therefore thought to induce myosin II activation . In the present study, we did not observe any apparent eect of the MLC mutant on the Ras V12 -induced morphological changes (Figure 6c and f).
Expression of RhoA, vinculin, cadherin, b-catenin, and actin in Ras
V12 -induced Rat1 cells
In order to con®rm the induced expression of Ras V12 in Rat1 RasVal A1 cells and to rule out the possibility that the altered expression levels of RhoA, vinculin, cadherin, b-catenin, and actin aect the morphological changes in these cells, we examined the expression of these proteins by immunoblotting (Figure 7 ). The treatment with IPTG eciently induced the expression of Ras V12 in the cells. We observed no apparent changes in the expression levels of RhoA, vinculin, cadherin, bcatenin, and actin in the Ras 
Discussion
In this study, we explored the role of Rho family members in the Ras-mediated morphological transformation. The Rat1 cells expressing Ras V12 showed a marked dissolution of stress ®bers and focal adhesions. In ®broblasts, the formation of actin stress ®bers and focal adhesions is known to be induced by Rho in ), which appears to be mediated by Rho-kinase/ROKa/p160 ROCK (Leung et al., 1996; Amano et al., 1997; Ishizaki et al., 1997) . In fact, we observed that the transient expression of dominant negative Rho in the Ras V12 -noninduced cells resulted in a marked dissolution of stress ®bers, indicating that the formation of stress ®bers was regulated by the activity of Rho in these cells. In addition, we showed that the LPA treatment of the Ras V12 -induced cells had no eects on the formation of stress ®bers, suggesting that the activation by LPA of Rho leading to stress ®ber formation may be impaired in Ras V12 -induced cells. From these observations, we assume that a dissolution of stress ®bers and focal adhesions in Ras V12 -induced cells may be caused by the inactivation of Rho, although the molecular mechanism is not known. Consistently, we demonstrated that dominant active Rho reversed the Ras V12 -induced morphological changes, and constitutively activated Rho-kinase In contrast to our results, other studies have demonstrated the involvement of Rho in Ras-induced transformation (Prendergast et al., 1995; Khosravi-Far et al., 1995; Qiu et al., 1995b; Zhong et al., 1997) . Khosravi-Far et al., (1995) observed that NIH3T3 cells stably expressing Ras L61 and either Rac1 N17 or RhoA N19 showed a partial reversion of the morphological transformation caused by the expression of Ras L61 alone. Qiu et al., (1995b) reported that Rat1 cells coexpressing Ras V12 and RhoA N19 had close to normal morphology and restored stress ®ber formation. They also reported that in Rat1 cells, Cdc42 N17 caused a reversion of the Ras-transformed morphology, but Rac1 N17 did not (Qiu et al., 1997) . Zhong et al., (1997) found that Rho-stimulated contractility contributed to the ®broblastic phenotype of the Rastransformed epithelial cell line MCF10A. We think that a key to explain the discrepancy between our results and others may be obtained from the microinjection experiment in Swiss 3T3 cells . They reported that Ras V12 -induced stress ®ber formation reached a maximum density after 1 ± 2 h, and the number of stress ®bers decreased after 8 ± 10 h. In this regard, we observed in some populations of Rat1 cells a slight increase or rearrangement of stress ®bers at 3 ± 6 h after the induction of Ras V12 (data not shown). From these observations, we speculate that Ras may regulate the activity of Rho through at least two pathways: the immediate and direct activation of Rho, and the relatively late and indirect inactivation of Rho. It is therefore possible that these biphasic regulations of Rho by Ras may complicate the role of Rho in Rasinduced transformation.
As described above, the mechanism of the regulation of Rho activity in oncogenic Ras-induced transformation is presently unclear. We observed that the transient expression of dominant active Cdc42 in Ras and Hall, 1995) and peripheral actin microspikes (PAM) with a reduction in the number of stress ®bers (Kozma et al., 1995) . It was also observed that Cdc42 V12 -expressing Rat1 ®broblasts showed a marked reduction in stress ®bers, and that Cdc42 N17 caused a reversion of the Ras-transformed morphology (Qiu et al., 1997) . Taken together with these results, it is most likely that the activation of Cdc42 by Ras may result in Rho inactivation.
Cadherin-dependent cell-cell adhesions have recently been shown to be regulated by Rac and Rho (Braga et al., 1997; Takaishi et al., 1997) and by Cdc42 and Rac (Kuroda et al., 1997) . Indeed, we demonstrated that dominant active Rho inhibited the dissolution of cellcell adhesions in Ras V12 -induced Rat1 cells. Supposing that cadherin-dependent cell-cell adhesions are ®nely regulated by Cdc42, Rac and Rho cooperatively, a possible imbalance between up-regulated Cdc42/Rac and down-regulated Rho in Ras transformation would result in the disassembly of cell-cell adhesions, which might be restored by the complement of Rho activity. In Ras-mediated tumorigenesis, this lesser adhesiveness possibly due to Rho inactivation seems to be advantageous to some aspects of tumor metastasis and dissemination.
Rho-kinase controls myosin II activity by the direct phosphorylation of MLC of myosin II and by the inactivation of myosin phophatase via the phosphorylation of the myosin-binding subunit (MBS) of myosin phosphatase (Kimura et al., 1996; Amano et al., 1996b; Chihara et al., 1997) . Myosin II activation appears to enhance stress ®ber formation in NIH3T3 cells, and promote neurite retraction in N1E-115 neuroblastoma cells downstream of Rho and Rhokinase . In the present study, constitutively active Rho-kinase did not completely inhibit the elongation of cellular processes, and the extent of the reversion of cell-cell adhesions by constitutively active Rho-kinase was, if any, less than that by dominant active Rho. The coexpression of the dominant active form of MLC (MLC D18D19 ), which is shown to induce the myosin II activation , was insucient to reverse the Ras V12 -induced morphological changes. A possible reason for these results is that constitutively activated Rhokinase does not fully function because of the lack of the regulatory domain, and that Rho-kinase may work not only through the regulation of myosin II activity but also via the phosphorylations of other targets such as adducin and ERM (ezrin, radixin, (7) and with IPTG (+) were subjected to SDS ± PAGE. The separated proteins were immunoblotted with antiRhoA, anti-vinculin, anti-pan-cadherin, anti-b-catenin, anti-actin, or anti-Ras antibody moesin) family proteins Matsui et al., 1998; Fukata et al., 1998) . In addition, it is possible that Rho acts not only through Rho-kinase but also through other downstream targets in inhibiting Ras-transformed morphology.
Materials and methods
Materials
Rat1 RasVal A1 cells were kindly provided by Drs Y Kaziro and H Itoh (Tokyo Institute of Technology, Yokohama, Japan). Anti-actin polyclonal antibody and anti-Ras monoclonal antibody (RASK-4) were kindly provided by Drs I Yahara (Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan) and H Shiku (Mie University School of Medicine, Mie, Japan), respectively. Fluorescein-and Texas red-conjugated secondary antibodies were purchased from Amersham Intl. (Arlington Heights, IL, USA). Tetramethyl rhodamine isothiocyanate-labeled phalloidin, LPA, anti-pan-cadherin monoclonal antibody and anti-vinculin monoclonal antibody were purchased from Sigma Chemical Co. (St Louis, MO, USA). Anti-b-catenin antibody was from Transduction Laboratories (Lexington, KY, USA). Anti-myc polyclonal and anti-RhoA monoclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antihemagglutinin (HA) antibody was from MBL Co. (Nagoya, Japan). Anti-b-galactosidase monoclonal antibody was purchased from Promega Corp. (Madison, WI, USA). Other materials and chemicals were obtained from commercial sources.
Cell culture
Rat1 RasVal A1 cells were grown in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 1 mg/ml Geneticin, 0.4 mg/ml Hygromycin B, penicillin, and streptomycin in an air-5% CO 2 atmosphere at constant humidity. For the induction of Ras V12 , Rat1 RasVal A1 cells were incubated with 5 mM isopropyl-b-D-thiogalactoside (IPTG) for 24 h in serumfree DMEM.
Plasmids
pEF-BOS-HA-Cdc42
V12 , -Cdc42 N17 , -Rac1 V12 , -Rac1 N17 , -RhoA wt , -RhoA V14 , -RhoA N19 , pEF-BOS-myc-Rho-kinase, -Rho-K CAT, -MLC D18D19 and pME18S-lacZ were constructed as previously described (Amano et al., 1996a (Amano et al., ,b, 1997 Kuroda et al., 1996 Kuroda et al., , 1997 Chihara et al., 1997) .
Transfection
Rat1 RasVal A1 cells were seeded at a density of 2610 4 cells/ml onto 13 mm glass coverslips in 6-well dishes the day before lipofection with 1 mg of each plasmid, using lipofectAMINE (GIBCO BRL, Rockville, MD, USA) according to the manufacturer's protocols. Sixteen hours after lipofection, the cells were treated with or without 5 mM IPTG for 24 h in serum-free DMEM, and then ®xed for the immuno¯uorescence study.
Immuno¯uorescence
Rat1 RasVal A1 cells grown on 13 mm glass coverslips were ®xed with 3.7% formaldehyde in phosphate-buered saline (PBS) for 10 min and permeabilized with 0.2% Triton X-100 in PBS for 10 min. The cells were then incubated with rhodamine-phalloidin, anti-vinculin, antipan-cadherin and anti-b-catenin antibodies for 1 h at room temperature and washed three times with PBS. After the ®rst labeling, the cells were incubated for 1 h with uorescein-or Texas red-conjugated secondary antibodies and washed three times with PBS. In the transfection experiments, the cells were doubly stained with anti-HA or anti-myc antibody, and with rhodamine-phalloidin, antivinculin, anti-pan-cadherin or anti-b-catenin antibody. All micrographs shown are representative examples of transfected cells from at least three independent experiments.
Immunoblotting
Rat1 RasVal A1 cells were seeded at a density of 2610 4 cells/ml in 6 cm tissue culture dishes and incubated for 16 h. The cells were then treated with or without 5 mM IPTG for 24 h in serum-free DMEM, and lysed with 1 ml of sodium dodecyl sulfate (SDS) sample buer (Laemmli, 1970) per dish. Thirty ml of each protein sample was subjected to SDS-polyacrylamide gel electrophoresis (PAGE), and the immunoblot analysis was carried out as described (Harlow and Lane, 1988) .
